Long-distance transport is crucial for polar-growing cells, such as neurons and fungal hyphae. Kinesins and myosins participate in this process, but their functional interplay is poorly understood. Here, we investigate the role of kinesin motors in hyphal growth of the plant pathogen Ustilago maydis. Although the microtubule plus-ends are directed to the hyphal tip, of all 10 kinesins analyzed, only conventional kinesin (Kinesin-1) and Unc104/Kif1A-like kinesin (Kinesin-3) were up-regulated in hyphae and they are essential for extended hyphal growth. ⌬kin1 and ⌬kin3 mutant hyphae grew irregular and remained short, but they were still able to grow polarized. No additional phenotype was detected in ⌬kin1rkin3 double mutants, but polarity was lost in ⌬myo5rkin1 and ⌬myo5rkin3 mutant cells, suggesting that kinesins and class V myosin cooperate in hyphal growth. Consistent with such a role in secretion, fusion proteins of green fluorescent protein and Kinesin-1, Myosin-V, and Kinesin-3 accumulate in the apex of hyphae, a region where secretory vesicles cluster to form the fungal Spitzenkö rper. Quantitative assays revealed a role of Kin3 in secretion of acid phosphatase, whereas Kin1 was not involved. Our data demonstrate that just two kinesins and at least one myosin support hyphal growth.
INTRODUCTION
Polarized growth of tip-growing plant cells, filamentous fungi, and neuronal cells is based on long-distance membrane transport along the fibrous elements of the cytoskeleton (Brady, 1995; Geitmann and Emons, 2000) . Vesicle and organelle traffic is mediated by molecular motors that hydrolyze ATP and move their cargo along filamentous actin (F-actin) and/or microtubules (MTs; Hirokawa et al., 1998; Mermall et al., 1998) . Among the 18 classes of actin-based myosin motors, class V myosins belong to an ancient group that is present in animals and fungi (Hodge and Cope, 2000) . These myosins participate in transport of membranous vesicles and organelles (reviewed in Langford, 2002) . The second major transport system involves MTs that usually extend their growing plus-ends toward the cell periphery or into the apical terminus in case of the axon (Heidemann et al., 1981) . A large number of plus-end-directed kinesins use MTs to support anterograde (tip-directed) axonal transport (Hirokawa and Takemura, 2004) . Among the numerous membrane motors in higher eukaryotes, only conventional kinesin (Brady, 1985; Scholey et al., 1985; Vale et al., 1985) and Unc104/Kif1A-like motors (Hall and Hedgecock, 1991; Aizawa et al., 1992) were found in the genome of Dictyostelium discoideum (Klopfenstein et al., 2002) and filamentous fungi (Schoch et al., 2003) , where they support roles in organelle transport (Pollock et al., 1999; Wedlich-Sö ldner et al., 2002) . This indicates that Kinesin-1 (ϭconventional kinesin/ KHC) and Kinesin-3 (ϭUnc104/Kif1A; nomenclature according to Lawrence et al., 2004) are organelle transporters that occurred early in evolution.
Recently, it emerged that microtubules and F-actin functionally cooperate in polar exocytosis. Axonal vesicles can switch from long-distance MT-based transport to short-distance F-actin-based movement (Kuznetsov et al., 1992) . It was found that Myosin-V and Kinesin-1 physically interact and colocalize in mouse melanocytes (Huang et al., 1999) and squid neurons (Stafford et al., 2000) , indicating that kinesins and Myosin-V cooperate in anterograde membrane traffic. This notion is confirmed by studies on melanophores, where bidirectional long-range pigment motility depends on a Kinesin-2 and dynein, whereas F-actin and Myosin-V are involved in short-range dispersal, apical tethering, and fine tuning of MT-based motility (reviewed in Brown, 1999) . These studies suggest the concept of "dual transport," in which a long-range membrane transport is based on MTdependent kinesins, in particular Kinesin-1, Kinesin-2, and Kinesin-3 members, whereas class V myosins mediate shortrange traffic along F-actin (Langford, 2002) . However, there are exceptions to this rule, because long-distance pigment granule traffic in retinal pigment epithelial cells is F-actin dependent (King-Smith et al., 1997) .
Much of our knowledge of the molecular role of the cytoskeleton in polarized growth comes from the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe that combine a relatively simple cellular organization with powerful genetics. Indeed, the first indication for a functional interplay between kinesins and myosins was described in S. cerevisiae, where Smy1p, a distant relative of conventional kinesin (Brown, 1999) , is able to compensate for the class V myosin Myo2p (Lillie and Brown, 1992) . However, Smy1p might not be a motor, because its localization and function is MT independent (Lillie and Brown, 1998) . In S. pombe, both F-actin and MTs participate in polar growth (Sawin and Nurse, 1998; reviewed in Hayles and Nurse, 2001 ). However, although class V myosins support tip growth in fission yeast (Win et al., 2001) , Kinesin-1 is not involved (Brazer et al., 2000; Jeong et al., 2002) , and Kinesin-3 does not even exist in both yeast species. In contrast, filamentous fungi contain Kinesin-1, Kinesin-3, and Myosin-V members (Steinberg and Schliwa, 1995; Wedlich-Sö ldner et al., 2002; Schoch et al., 2003) and it has been suggested that this reflects the need of long-distance transport in the highly polarized hyphal cells (Steinberg, 2000; Goldstein, 2001) .
Here, we analyze the role of motors in hyphal growth of the model fungus Ustilago maydis. Using a fluorescent EB1-homologue (Straube et al., 2001) , we show that the MT plus-ends are directed to the hyphal tip, and real-time PCR analysis revealed that the genes for Kinesin-1 and Kinesin-3 are up-regulated in hyphae, which is consistent with the essential role of these kinesins in long-range hyphal growth. Furthermore, we provide evidence that Kinesin-1, Kinesin-3, and Myosin-V cooperate in polarized growth and that Kinesin-3 participates in acid phosphatase secretion in hyphae.
MATERIALS AND METHODS

Strains, Plasmids, and Growth Conditions
U. maydis wild-type strains AB34 and the filamentously growing AB33 have been described previously (see Table 1 for details and references). Deletion of kin4, kin8, kin7a and kin7b, and kin14 was done by homologous replacement of the corresponding gene with either a nourseothricin or a hygromycin resistance cassette in strains FB1, FB2, and AB33 following described protocols (Brachmann et al., 2004; Kämper, 2004) . Deletion of myo5 was done by homologous replacement of nucleotides Ϫ134 to ϩ258 and that of kin3 by deletion of amino acids 12-885 with a hygromycin resistance cassette. In conditional strains AB33rKin9, AB33⌬Kin1rKin3, AB33⌬Kin1rKin3GT, and AB33⌬Myo5rKin1, the respective kinesin genes were expressed under the conditional crg promoter (Bottin et al., 1996) or the repressible nar-promoter (Banks et al., 1993; see Table 1 and supplemental files for details). MT organization was analyzed by expression of green fluorescent protein (GFP)-Tub1 . For localization studies, a triple GFP-tag was Nterminally fused to myo5 and kin1 and a single GFP was fused C-terminally to kin3 and expressed under control of the native myo5, kin1, or kin3 promoter, respectively. For studies on MT orientation, peb1, the plus-end binding EB1-homologue of U. maydis (Straube et al., 2003) was fused to monomeric red fluorescent protein (Campbell et al., 2002) and localized in the strain AB33GT. Yeast-like strains were grown in complete medium and on plates as described previously (Weber et al., 2003) . Filamentous growth of AB33 and derivates was induced by shifting cells grown from CM-G to nitrate minimal medium et al., 1996) ; nar, conditional nitrate reductase promoter (Banks et al., 1993) ; crg, conditional arabinose-induced promoter (Bottin et al., 1996) ; bE1, bW2, genes of the b mating type locus; gfp, enhanced green fluorescent protein; cfp, cyan-shifted fluorescent protein; yfp, yellow-shifted fluorescent protein; mrfp, monomeric red fluorescent protein (Campell et al., 2002); kin4,5,7b,8,9,14 , kinesins belonging to several kinesin families; kin7a, CENP-E-like (kinesin-7), previously named ЈKin1Ј (Lehmler et al., 1997) ; kin1, conventional kinesin (kinesin-1), previously named ЈKin2Ј (Lehmler et al., 1997) ; kin3, Kif1A-like kinesin (kinesin-3; Wedlich-Söldner et al., 2002) ; myo5, class V myosin (Weber et al., 2003) ; tub1, ␣-tubulin ); peb1, EB1-homologue (Straube et al., 2003) .
(NM-G) as described previously (Weber et al., 2003) . See supplemental material for further details.
Sequence Analysis
Kinesins in the genome of U. maydis were identified by screening the genomic sequences (www-genome.wi.edu/annotation/fungi/ustilago_maydis/) with kinesins from vertebrates and yeasts. Sequence alignment, phylogenetic analysis of the motor domains and domain analysis were performed as described previously (Weber et al., 2003) . See supplemental material for further details and Web addresses.
DNA Techniques and Real-Time Polymerase Chain Reaction (PCR)
Standard DNA techniques were used. DNA and RNA isolation and real-time PCR as well as quantitative and qualitative RNA analysis was performed as described in supplemental files on the Molecular Biology of the Cell Web site at http://www.molbiolcell.org/. PCR reactions were performed in triplicates, and negative controls (in the absence of template) were included. Annealing temperatures ranged from 59 to 65°C, depending on the primers used. Target genes were normalized to the reference housekeeping gene EF-1-a (elongation factor-1-␣ from U. maydis). To verify the specificity of the reverse transcription-PCR reaction, the size of the amplicons was analyzed by high-resolution sizing of DNA fragments using a Bioanalyzer 2100 system and a LabChip DNA 100 assay (Agilent, Waldbronn, Germany).
Microscopy, Image Processing, and Quantitative Analysis
Cells from logarithmically growing cultures were dropped on a thin 1% agarose-layer and immediately observed using a Zeiss Axioplan II microscope. Epifluorescence was observed using filters for fluorescein isothiocyanate, DsRed, yellow-shifted fluorescent protein, and cyan-shifted fluorescent protein (see supplemental files for details). Frames were taken with a cooled charge-coupled device-camera (CoolSNAP HQ; Roper Scientific, Trenton, NJ) controlled by MetaMorph (Universal Imaging, Downingtown, PA). All image processing, including adjustment of brightness, contrast, and gamma-values, was performed with MetaMorph (Universal Imaging) and Photoshop (Adobe Systems, Mountain View, CA). All values are given as means Ϯ SD unless otherwise stated.
Phosphatase Assay
The activities of secreted acid phosphatase were analyzed as described previously . Because the morphology of mutant strains differed drastically, cell extracts were prepared and the protein content of the used mutants was determined using with Bradford Assays (Bio-Rad, Hercules, CA) done according to manufacturer's instructions. After correlating the protein content with the OD 600 , the same amount of cells of each mutant strain was used in the colorimetric assays. In brief, for phosphatase assays, cells of strains AB33, AB33⌬kin1, AB33⌬kin3, AB33⌬kin1rKin3, and AB33⌬myo5 were grown in phosphate-free medium for 1.5 h. An aliquot of cell suspension or cell-free supernatant was incubated for 3 h with p-nitrophenyl phosphate (Sigma-Aldrich, St. Louis, MO) After removal of the cells by centrifugation, the reaction was stopped by adding KPO 4 , pH 11.0. The release of nitrophenon was measured at OD 405 and corrected for the blank.
RESULTS
Plus-Ends of Microtubules Are Oriented toward the Hyphal Tip
To gain a deeper understanding of the molecular machinery that supports hyphal growth, we set out to determine the orientation of MTs in hyphae of U. maydis. We fused Peb1, an EB1-homologue in U. maydis that localizes to growing MT plus-ends (Straube et al., 2003) to monomeric red-shifted fluorescent protein (RFP; Campbell et al., 2002) and expressed the fusion protein in the filamentously growing strain AB33GT that contains GFP-labeled microtubules (see Table 1 for details). In colocalization experiments, the red Peb1-RFP fusion protein localized to the ends of MTs. In 91% of all cases, these MT plus-ends elongate toward the growing apex of the hypha (Figure 1 , arrows and numbers indicate growing MT ends) and only rarely did MTs polymerize toward the subapical region of the hyphae (Figure 1 , arrowhead). This orientation of MTs suggests that plus-end-directed kinesins participate in polar growth of hyphae.
The Genome of U. maydis Encodes for 10 Putative Kinesins
For identification of kinesin motors, we screened the published genome of U. maydis (see Materials and Methods for URL) with public sequences of kinesins of the different families (Lawrence et al., 2004) . In this search, we identified 10 genes with predicted kinesin motor domains of a length of 348 -498 aa (e Ϫ31 to e Ϫ175 ; predicted by SMART; see Materials and Methods for URL). Based on similarity in the motor domain, these putative kinsesins group in at least seven families ( Figure 2A and Table 2 ; classification according to Lawrence et al., 2004) . To avoid future confusions, the names of all kinesins in U. maydis were brought in line with the family names. Consequently, the previously published Kinesin-1 and the Kinesin-7 members (Lehmler et al., 1997) were renamed (Kin2, a Kinesin-1 member is now named Kin1; the former Kin1 is now Kin7a; Figure 2A ). U. maydis has a second CENP-E-like Kinesin-7, Kin7b, that shares 45% sequence identity within the motor domain but only 17% overall identity with Kin7a. Interestingly, both U. maydis kinesins as well as a kinesin from the basidiomycete Cryptococcus neoformans that we found as a hypothetical protein in the public database (named CnKlp4, accession no. EAL18971) are more closely related to the animal CENP-E homologues than to their counterparts from ascomycete fungi ( Figure 2C ). Moreover, the ascomycete kinesins are involved in polar growth (Browning et al., 2000; Konzack et al., 2004) , whereas neither animal CENP-E nor U. maydis kin7a and kin7b mutants show any defect in cell morphogenesis (see below), again suggesting that Kin7a and Kin7b are more closely related to animal CENP-E kinesins ( Figure 2C ). The domain structure of the Kinesin-1 member Kin1 (Lehmler et al., 1997) and a Kinesin-3 homologue Kin3 (Wedlich- Figure 1 . Orientation of MT plus-ends in hyphae of U. maydis. A fusion of RFP and Peb1, an EB1-homologue that localizes to growing MT plus-ends (Straube et al., 2003) marks microtubule ends that grow toward the hyphal apex, indicating that kinesins could support polar hyphal growth. Arrows indicate four MT tips; arrowhead marks a microtubule that elongates toward the proximal end of the tip cell. Note that microtubules are not connected to the spindle pole body (asterisk marks minus-end of a cytoplasmic microtubule; the corresponding plus end is marked by "2" in first frame). Time in seconds is given. Bar, 5 m. Sö ldner et al., 2002) are discussed in previous publications. Kin4 and Kin6 share only weak but significant similarity with other representatives of the Kinesin-4 and Kinesin-6 families (Table 2) ; Kin5, Kin8, and Kin14 are highly homologous to the Kinesin-5, Kinesin-8, and Kinesin-14 families ( Figure 2A and Table 2 ). This is further supported by the fact that Kin5 contains a family-specific C-terminal BimC-box (aa 1035-1049; 50% identity) and Kin14 has a C-terminal motor domain ( Figure 2B ) and a characteristic stretch of 14 residues (aa 372-385; Hirokawa et al., 1998) in front of it. In addition to these defined kinesins, we identified one orphan kinesin, Kin9, that is only weakly related to Kinesin-13 members ( Figure 2A and Table 2 ). Furthermore, MCAK/Kif2-like kinesins have an internal motor domain important for their function in regulating MT stability (Ogawa et al., 2004) , whereas Kin9 is predicted to be an N-terminal kinesin (Figure 2B and Table 2 ), again suggesting that this kinesin is an orphan. Together, the genome of U. maydis encodes three mitotic kinesins (Kin5, Kin6, and Kin14), two well-established membrane transporters (Kin1 and Kin3), four kinesins that, based on their counterparts in several organisms (reviewed in Schoch et al., 2003) , might participate in membrane traffic or mitosis/meiosis (Kin7a, Kin7b, Kin4, and Kin8), and one orphan kinesin (Kin9).
Only Two Kinesin Motors Are Required for Hyphal Growth
In yeast-like cells of U. maydis, MT minus-ends are focused to the growing bud (Straube et al., 2003) and in growing cultures ϳ7-8% of all cells are in mitosis (Straube et al., 2005) . In contrast, hyphae of U. maydis are cell cycle arrested (Garcia-Muse et al., 2003) and MT plus-ends are focused toward the growing tip, indicating that kinesin organelle transporters might play a role in tip growth. To gain insight into which kinesins might be important in both growth forms, we analyzed the expression levels of all kinesin genes in yeast-like cells and hyphae by real-time PCR. The C t values (threshold cycle above background indicating beginning of logarithmic amplification) for all genes ranged between 20 and 30 cycles in real-time PCR on RNA from yeast-like and hyphal cells ( Figure 3A ). This is clearly above the nonspecific background and indicates that all genes are expressed under the conditions tested. Consistent with an assumed role in polar growth, the organelle motors Kin1 Tree of members of the Kinesin-7 family. Kinesin-7 from ascomycete fungi group together, which corresponds with a role in cell polarity (Browning et al., 2000) and hyphal growth (Konzack et al., 2004) . In contrast, representatives from basidiomycete fungi are more closely related to CENP-E motors from animals, where they participate in chromosome inheritance (Yen et al., 1991) . For species names see Fig. 2A . Accession numbers are given in supplemental files. The tree is based on a comparison of motor domains. Bootstrap values are given in percentage.
and Kin3 show a significant up-regulation in hyphal cells. None of the mitotic kinesins were down-regulated, and the putative mitotic BimC-like kinesin Kin5 and MKLP-like Kin6 were even up-regulated ( Figure 3B ). This is surprising, because the hyphae of U. maydis are cell cycle arrested in G 2 (Garcia-Muse et al., 2003) , which suggests that mitotic kinesins should not be important in these cells. However, indications exist for a mitosis-independent function of these motors in motility of MTs in axons (Ferhat et al., 1998; Yu et al., 2000) , which raises the possibility that Kin5 participates in similar processes in hyphae of U. maydis.
To further analyze the role of kinesins in hyphal growth, we generated null mutants of all kinesins that were implied in organelle traffic or of unknown function and characterized their morphological phenotype. All mutant strains were confirmed by Southern blotting as well as analytical PCR (our unpublished data). In yeast-like cells, only ⌬kin3 mutants showed a characteristic cell separation defect (Wedlich-Sö ldner et al., 2002) , whereas all other mutants had no significant defect (our unpublished data). Even in hyphae, most kinesin null mutants also were without phenotype ( Figure 4A ). This was most surprising, because fungal members of the CENP-E family are involved in polar growth of S. pombe and Aspergillus nidulans (Browning et al., 2000; Konzack et al., 2004) . Due to their similarity, we considered it likely that Kin7a and Kin7b have redundant functions. Therefore, we generated ⌬kin7a⌬kin7b mutant strains (see Table 1 for details). However, even these double mutants formed regular yeast-like cells (our unpublished data) and hyphae that grew at one cell pole and formed vacuolated sections at the rear pole of the tip cell ( Figure 4A ), indicating that these Kinesin-7 members have no critical role in tip growth.
In contrast to all other kinesins, the deletion of Kin1 (Kinesin-1) and Kin3 (Kinesin-3) in the filamentously growing strain AB33 resulted in bipolar growth and the formation of very short hyphae, and only ⌬kin3 mutants formed vacuolated regions ( Figure 4B, arrows) . Hyphae of a conditional ⌬kin1rkin3 double mutant, in which the kin3 expression was repressed upon shift from arabinose to glucose containing medium (our unpublished data), showed essentially the same phenotype, raising the possibility that both , whereas plate growth of ⌬myo5 mutant cells was heavily impaired (⌬myo5). High levels of Kin1 did not rescue this phenotype (⌬myo5 ϩ Kin11). (C) Yeast-like control cells form elongated "cigar-shaped" cells that grow by polar budding (con). Deletion of myo5 led to severe defects in polar growth and aggregates of cells that still have a tendency to grow in a polar manner (Weber et al., 2003) . In CM-A medium, high levels of Kin1 did not rescue the ⌬myo5 phenotype (⌬myo5 ϩ Kin11). Bar, 10 m. motors perform functions in the same cellular pathway. To check this, we overexpressed Kin3 by growing strain AB33⌬Kin1rKin3 in arabinose-containing medium. This treatment induces the crg promoter and strongly increased Kin3 levels (our unpublished data, but see Figure 6E for example of crg controlled expression of kin3). However, no rescue of the mutant phenotype was observed (our unpublished data). The morphological defects of kin1 and kin3 null mutants were reminiscent of hyphal growth in the presence of benomyl ( Figure 4C ), a fungicide that efficiently disrupts the MT cytoskeleton in these cells and drastically reduces hyphal growth (Fuchs et al., 2005) . This indicated that the deletion of either kin1 or kin3 has severe defects that reflected growth in the absence of MTs, suggesting that both ⌬kin1 and ⌬kin3 could be defective in MT organization. We checked this possibility by labeling MTs with GFP-␣tubulin and found that MTs were not significantly altered in these mutants ( Figure 4D ; MTs labeled by GFP-␣tubulin). This suggests that both kinesins have essential roles in MT-based traffic to the growing tip, whereas the other kinesins have either redundant functions or are not involved in hyphal growth.
The Kinesins and a Class V Myosin Cooperate in Polar Growth
In S. cerevisiae, high expression of Smy1p, a distant relative of Kinesin-1, rescued growth defects of mutants defective in a class V myosin (Lillie and Brown, 1992) . To check for a similar connection in U. maydis, we expressed kin1 under the control of the crg-promoter in a ⌬myo5 mutant strain that showed severe growth defects due to the deletion of the only class V myosin in U. maydis (Weber et al., 2003) . Western blots using specific anti-Kin1 antibodies raised against peptides in the motor head and tail (Straube, Hause, and Steinberg, unpublished data) revealed that, under inductive conditions, protein levels were ϳ150-fold increased compared with wild-type cells ( Figure 5A ). However, high expression of Kin1 did not suppress the ⌬myo5 growth defect ( Figure  5B ; con: wild-type cell; ⌬myo5: FB2⌬Myo5; ⌬myo5 ϩ Kin11; FB2⌬Myo5rKin1) nor rescue the abnormal morphology of myo5 null mutants ( Figure 5C ). We noticed that in the absence of Kin1 and Kin3 or even MTs hyphae are still able to undergo a certain degree of polar growth (Figure 4, B-D) . This suggested that an MTindependent mechanism participates in polar growth. Indeed, indirect evidence exists that actin forms long tracks in hyphae (Fuchs et al., 2005) and ⌬myo5 hyphae show defective morphology and reduced ability to grow polarized (Weber et al., 2003;  Figure 6A , strain AB33⌬Myo5). Therefore, we speculated that Myo5-based transport cooperates with a MT-dependent transport mechanism in hyphal growth. Indeed, disruption of MTs abolished the residual growth of AB33⌬Myo5 hyphae ( Figure 6B ; ⌬myo5 ϩ Ben) and led to aggregates of rounded cells. A similar loss of cell polarity was found in conditional AB33⌬Myo5rKin1 double mutants. Growth of these cells in glucose-containing medium led to repression of kin1 and no Kin1 motor was detected in cell extracts ( Figure 6E ; 16 h after medium shift). The absence of Kin1 abolished hyphal growth and led to apolar cell aggregates ( Figure 6C, ⌬myo5rKin1) . In neurons it was shown that Kinesin-1 and Myosin-V specifically interact, suggesting that the synthetic phenotype of a double mutant Hyphal polarity is lost in the absence of MTs after overnight treatment with 10 M benomyl, indicating that both F-actin and MTs are needed for polar hyphal growth. Bar, 10 m. (C) Hyphal growth of ⌬myo5rkin1 double mutants (strain AB33⌬Myo5rKin3) was induced for ϳ16 h by growing cells in NM-G. This medium also repressed kin1 (see E) that is placed under the control of the crg promoter. In the absence of Kin1, myo5 null mutant lost their ability to form hyphae, indicating that both Myo5 and Kin1 activity is needed to maintain polarized hyphal growth. Bar, 10 m. (D) In similar experiments, filamentous growth was induced, whereas kin3 was repressed in ⌬myo5rkin3 mutants (strain AB33⌬Myo5rKin3; see below, E). In the absence of Kin3 polarized hyphal growth was also almost abolished, arguing that Kin3 also cooperates with Myo5 to maintain tip growth. Bar, 10 m. (E) Western blots showing that Kin1 and Kin3 expression is repressed in CM-G (glu, OFF), whereas high expression levels were found in CM-A (ara, ON).
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Vol. 16, November 2005in both motors is due to a specific functional or structural interaction. However, when precipitating GFP-Myo5 with anti-GFP antibodies, we never copurified Kin1 (our unpublished data), which argues against a direct interaction of both motors. Alternatively, we considered it possible that the loss of hyphal growth in ⌬myo5rkin1 mutants simply reflected the need for both actin-and MT-based transport in hyphal growth. Kin3 null mutant hyphae also display a defect in filamentous growth, but to our knowledge no specific interaction of Kinesin-3 and Myosin-V was reported. Thus we concluded that a double mutant in kin3 and myo5 could still grow polar in case the loss of polarity in ⌬myo5rkin1 is due to a specific interaction between Kin1 and Myo5. In contrast, a loss of filamentous growth in ⌬myo5rkin3 double mutants would argue for a broader cooperation between actin and microtubule motors. In extracts of ⌬myo5rkin3 double mutant (AB33⌬Myo5rKin3) repression of Kin3 in CM-G medium was checked by Western Blot analysis using specific antibodies raised against recombinant motor domains (Straube, Hause, and Steinberg, unpublished data) . Next, we repressed kin3 expression by switching cells to glucose medium ( Figure 6E ) and monitored the ability of hyphae to grow in a polarized manner. Again, cells were almost unable to form hyphae, which suggests that the cooperation of Kinesin-3, Kinesin-1, and Myosin-V is essential to maintain polarized hyphal growth.
Kinesin-1, Kinesin-3, and Myosin-V Accumulate in the Hyphal Apex
To better visualize the steady-state distribution of Kin1 and Myo5, we N-terminally tagged all motors with a triple-GFP tag, whereas for Kin3 a C-terminal single GFP was sufficient for visualization (Wedlich-Sö ldner et al., 2002) . All GFPtagged proteins were able to at least partially rescue the respective mutant phenotypes (our unpublished data), which demonstrated that they are biologically active. Consistent with previous reports (Weber et al., 2003) , the GFP 3 -Myo5 fusion protein localized to a defined dot in the hyphal apex ( Figure 7A) . A fusion protein of triple-GFP and Kin1 also concentrates at the hyphal tip ( Figure 7B ), although a significant portion of GFP 3 -Kin1 was found equally distributed in the cytoplasm. Finally, we observed Kin3-GFP as rapidly moving dots that also accumulated near the hyphal tip. However, this cluster was much more dynamic, usually less focused and, in contrast to GFP 3 -Myo5 and GFP 3 -Kin1, not located at the very tip of the hypha ( Figure 7C ).
The tip localization of GFP 3 -Myo5 and GFP 3 -Kin1 was very fragile, because the focused motors rapidly dispersed by active retrograde motility during microscopic observation (our unpublished data). This behavior as well as the apical localization is consistent with that of the Spitzenkör-per, an accumulation of secretory vesicles that is typical for growing fungal hyphae (Grove and Bracker, 1970; Harris et al., 2005) and that also was described in the tip of U. maydis hyphae (Lehmler et al., 1997) . In addition, it was suggested that conventional kinesin is involved in tip-ward transport of secretory vesicles and participates in polar exocytosis in Neurospora crassa (Seiler et al., 1997 (Seiler et al., , 1999 . Therefore, we analyzed the secretion of the marker enzyme acid phosphatase in filamentously growing strains AB33, AB33⌬Kin1, AB33⌬Kin3, and AB33⌬Myo5 and the double mutant AB33⌬Kin1rKin3 mutant strains (Figure 8 ). In these experi- (Lehmler et al., 1997) . Bars, 10 and 3 m. (B) A fusion protein of a triple GFP-tag fused to Kin1 also localizes to the hyphal apex, but the signal is often more dispersed and a strong cytoplasmic background was seen. Bar, 10 and 3 m. (C) A fusion protein of a GFP-tag fused to Kin3 localized as rapidly moving dots along the length of the hyphae but also concentrates near the hyphal tip. Note that the apical Kin3-GFP does not reach the apex and is more dispersed. Bar, 10 and 3 m. ments, ⌬kin1 mutants showed no significant reduction in acid phosphatase secretion (⌬Kin1; P: 0.1807), whereas kin3 null mutant were reduced to ϳ50% (Figure 8, ⌬Kin3) . Consequently, a double mutant did not show additional reduction in secreted enzyme activity (Figure 8, ⌬Kin1rKin3; P: 0.222) . Surprisingly, in ⌬myo5 mutants, acid phosphatase secretion was even higher than in control cells (Figure 8, ⌬Myo5) , and this was also found in ⌬myo5rkin1 double mutants (our unpublished data). Currently, we have no explanation for this phenomenon.
DISCUSSION
Phenotypically, fungal hyphae are very similar to the long neuronal extensions. In the axon, most microtubule plusends elongate toward the apical terminus (Heidemann et al., 1981) , and consequently plus-end-directed kinesins are most important for anterograde long-distance transport from the cell body to the synapsis (Brady, 1995; Hirokawa et al., 1998) . Hyphal cells of U. maydis can reach a length of 150 -160 m , and growth occurs at the apical tip. MT plus-ends are directed toward the growing hyphal apex, and U. maydis, as well as other filamentous fungi contain more kinesins than the yeasts S. cerevisiae and S. pombe (reviewed in Schoch et al., 2003; this study) . It was suggested that this could reflect the increased need for long-distance transport to the hyphal tip in filamentous fungi (Steinberg, 2000; Goldstein, 2001) . Indeed, the well-established membrane transporters Kinesin-1 (Brady, 1985; Scholey et al., 1985; Vale et al., 1985) and Kinesin-3 (Otsuka et al., 1991; Aizawa et al., 1992) , which deliver axonal vesicles (reviewed in Hirokawa and Takemura, 2004) , are absent from S. cerevisiae, but they are described for filamentous fungi (Steinberg and Schliwa, 1995; Lehmler et al., 1997; Wu et al., 1998; Wedlich-Sö ldner et al., 2002) . Our results add further support to this notion, because both kin1 and kin3 show increased expression in hyphae and are essential for filamentous growth. Given that ⌬kin1 and ⌬kin3 mutants have similar phenotypes, both kinesins might perform overlapping functions or depend on each other. Indeed, we have evidence that Kin1 activity is needed for Kin3-recycling back to the minus-ends of MTs for another round of tip-directed transport (Schuchardt and Steinberg, unpublished data). Thus, polarized hyphal growth seems to depend on a network of motors and kinesins have a crucial role in this.
Indications exist that fungal Kinesin-1 participates in polarized secretion in N. crassa (Seiler et al., 1999) and such a role in anterograde transport corresponds well with the disappearance of an apical vesicle cluster in Kinesin-1 null mutants in N. crassa (Seiler et al., 1997) and U. maydis (Lehmler et al., 1997) . Therefore, it was tempting to speculate that Kin1 participates in tip-ward delivery of secretory vesicles in hyphae. The apical localization of GFP 3 -Kin1 supports this notion, because it indicates that this kinesin transports vesicles to the tip that accumulate in the apical Spitzenkö rper (Figure 9 ). This vesicle cluster in the hyphal tip is thought to be a reservoir for secretory vesicles (Bartnicki-Garcia et al., 1995) . Our localization data reveal that the GFP-fusion proteins accumulate in the growing tip of the hypha, which suggests that motors, including Kinesin-1 and Myosin-V, are mainly bound to the vesicles and thus accumulate in the Spitzenkö rper. Kinesin-3, the other kinesin required for tip growth, also accumulates in the hyphal tip, but its distribution was found to be less focused, suggesting that it might not be involved in secretion (Figure 9 ). However, our colorimetric assays clearly indicate that Kin3 participates in acid phosphatase secretion. Such a role of Kinesin-3 in secretion would be reminiscent of Caenorhabditis elegans neurons, where Kinesin-3 is thought to deliver syn- Figure 8 . Quantitative analysis of acid phosphatase secretion in hyphae of U. maydis. For analysis of the extracellular activity of the marker enzyme acid phosphatase, cells were incubated in phosphate-free medium and the release of nitrophenon from p-nitrophenyl phosphate was measured as an indication of secreted enzyme activity. ⌬kin1 mutants were not significantly impaired in secretion of acid phosphatase, whereas secretion was found to be reduced in ⌬kin3 mutants. Consistently, ⌬kin1rkin3 double mutants show no additional phenotype. For unknown reasons, deletion of myo5 even increased secretion, a phenomenon that was also found in ⌬myo5rkin1 mutants (our unpublished data). Figure 9 . Model on the role of Kin1, Kin3, and Myo5 in polar fungal growth. Polar hyphal growth is supported by long-distance delivery of growth supplies to the expanding hyphal tip. MT plusends are directed to the growing tip, and Kinesin-1, Kinesin-3, and Myosin-V use cytoskeletal tracks to deliver their cargo to the growth region. The ability to grow polarized is only abolished when both Myosin-V and either Kinesin-1 or Kinesin-3 are blocked. Kinesin-3 most likely transports acid phosphatase containing vesicles, as well as early endosomes (Wedlich-Sö ldner et al., 2002) , whereas the putative exocytic cargo of Kinesin-1 and Myosin-V is unknown. In the hyphal apex, secretory vesicles and attached motors cluster to form the fungal Spitzenkö rper that is thought to mediate controlled local exocytosis and thereby determines tip growth. aptic vesicles to the growth cone (Hall and Hedgecock, 1991) . It was previously described that Kin3 is a motor for early endosome motility (Wedlich-Sö ldner et al., 2002) . Our finding that Kin3 also participates in exocytosis indicates that this motor, and most probably also Kin1, transport a broad spectrum of organelles and other compounds to the growing tip. Thus, to understand tip growth it will be necessary to identify other cargoes of these kinesins in hyphae.
The Type V Myosin Myo5 Cooperates with Kin1 and Kin3 in Polarized Hyphal Growth
Our results demonstrate that ⌬kin1 and ⌬kin3 hyphae are still able to grow polarized, and even disruption of all MTdependent transport did not abolish filament formation, although growth rates were largely decreased and hyphae remain much shorter (Fuchs et al., 2005) . This suggested that additional MT-independent mechanisms support filamentous growth. U. maydis hyphae contain long actin filaments and MTs that both are required for hyphal growth (Fuchs et al.; . In addition, previous results have shown that Myo5, the only class V myosin in U. maydis (Weber et al., 2003) , participates in tip growth and is therefore a good candidate for anterograde transport in hyphae. Indeed, disruption of MTs in ⌬myo5 hyphae abolished cell polarity. A similar situation was found in the absence of Myo5 and Kin1 or Kin3, respectively. This additive phenotype suggests that Myosin-V and the kinesins independently deliver components to the hyphal apex that are required for directed tip growth ( Figure 9 , vesicles are marked by "?"). This notion is further supported by the observation that high levels of Kin1 are not able to complement for the absence of Myo5, demonstrating that Kin1 cannot replace Myo5 in anterograde transport. In mouse cells and squid neurons, Kinesin-1 and class V myosins motors directly interact (Huang et al., 1999; Stafford et al., 2000) . However, in coimmunoprecipitation assays we did not find evidence for a physical interaction (our unpublished data). Thus, it is tempting to speculate that in U. maydis Kin1 and Myo5 transport different secretory vesicle, or other cargo, that are essential for hyphal growth.
CONCLUSIONS
Fungal hyphae are highly polarized cells that, similar to axons, direct MT plus-ends to the apical end of the cell. This MT organization implies fungal Kinesin-1 and Kinesin-3 in long-distance anterograde transport, and we surprisingly found that among all kinesins only these kinesins have an essential role in hyphal tip growth. Kinesin-1, as well as the class V myosin Myo5 localize to the hyphal apex, suggesting that they participate in formation of the Spitzenkö rper, which is thought to be a fungal specific accumulation of secretory vesicles. Interestingly, both MT-based transport and Myo5-based transport is required for polarized hyphal growth, because double mutants lacking Kinesin-1 or Kinesin-3 and Myosin-V lose polarity. Although we found that Kinesin-3 is involved in acid phosphatase secretion, as well as endosome motility (Wedlich-Sö ldner et al., 2002) , the actual cargoes of Kinesin-1 and Myosin-V remain to be uncovered. Further studies on the identification of these cargoes are needed to enhance our understanding of the functional interplay of the MT-and actin-based transport machinery in hyphal growth.
